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Embodiments described herein can measure and detect
mismatch between two loads 1n a radio frequency (RF)
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amount ol mismatch between these loads by calculating
reflection coetlicient between the loads. Loads can be pas-
sive devices, such as antennas, or they can be active devices,
such as amplifiers.
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START TEST FOR MEASURING MISMATCH
40

GIVE TEST SIGNAL FROM LEFT SIDE (CLOSE SWITCH T1)
402

RECORD VOLTAGE MEASUREMENTS Vg, Vi, Vro, Va3
404

CLOSE SIGNAL FROM LEFT SIDE (OPEN SWITCH T1)
406

408

RECORD VOLTAGE MEASUREMENTS Vi, Vi1, Vio, Vi3
410

CLOSE SIGNAL FROM RIGHT SIDE (OPEN SWITCH T2)
412

Vio, Vi1, Vio, Viz, Vro, Vr1, Vo, Vr3
414

SOLVER
416
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FIG. 4
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MISMATCH DETECTION USING PERIODIC
STRUCTURES

FIELD OF TH.

L1

DISCLOSURE

The present disclosure 1s related to measuring impedance
characteristics of radio frequency (RF) systems.

BACKGROUND

The performance and proper operation of radio frequency
(RF) systems can be highly dependent on process variations,
as well as dynamic and other environmental conditions.
With increased use of RF systems in consumer, industrial
and mission critical applications, ensuring the proper opera-
tion of a given RF system 1s critical. The proper operation of
the RF system against process, voltage, and temperature
(PVT) variations can be ensured by using extensive simu-
lation methods and accounting for the variations in the
design process. An increasing concern for advanced RF
systems 1s dynamic variations in performance, which cannot
be calibrated for during post-production tests. Post-produc-
tion and in-field momtoring and calibration through built-in
seli-test (BIST) techmques thus become essential for reli-
able operation of RF systems.

Such performance monitoring and simulation options
become more limited for places where the RF system
interfaces with a physical environment. For example, char-
acteristics of an antenna (e.g., mput impedance) change
depending on surrounding objects and materials 1 the
near-field, antenna array configuration, mutual coupling
between antennas, and scan angle of the antennas. These
changes in characteristics of an antenna in turn aflect the
performance of antenna interfacing elements (e.g., power
amplifiers, low noise amplifiers). Matching between ampli-
fiers and a load controls the overall gain, noise figure, and
linearity of the RF system. Ensuring matching between
antenna and amplifiers 1s critical because return loss should
be above a certain value for an antenna to function properly
and achieve its design goals. Therefore, one of the most
critical parameters for proper operation of these elements 1s
matching between the amplifier and the antenna, which can
be quantified by the retlection coetlicient between a source
(e.g., power amplifier) and a load (e.g., antenna).

The current state of the art for ensuring matching between
circuit elements 1s to use a network analyzer as an external
equipment and measure and calibrate circuit nodes to a
pre-determined value, such as 50 Ohms. Efforts that extend
the network analyzer concept to BIST also rely on the same
principles of external calibration. Several shortcomings exist
with this approach that significantly hamper i1ts use for
advanced RF systems. First, the network analyzer needs to
be calibrated externally; any mismatch between the calibra-
tion and test conditions results 1in error. Second, due to the
need for external calibration, only circuit nodes that are
accessible from chip pinouts can be calibrated, leaving a
significant number of nodes that need to be matched for
proper operation uncalibrated. Techniques that can be used
to measure and monitor mismatch between critical circuit
nodes without the need for external calibration can alleviate
these problems.

SUMMARY

Mismatch detection using periodic structures 1s provided.
Embodiments described herein can measure and detect
mismatch between two loads 1n a radio frequency (RF)
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2

system without the need for external calibration by refer-
encing their measurements mto a small set of parameters
that are intrinsic to the RF system design. This approach can
be used to compare impedances of two loads and measure
their impedances relative to each other without requiring any
external calibration (e.g., the approach does not assume any
prior known physical quantities 1n the system, such as a
reference impedance). This approach can be used to com-
pare the two loads to each other, as well as to quantity the
amount ol mismatch between these loads by calculating
reflection coethicient between the loads. Loads can be pas-
sive devices, such as antennas, or they can be active devices,
such as amplifiers. The proposed approach can be used for
a wide range ol RF frequencies from microwave to milli-
meter wave (mmWave) frequencies.

Embodiments use two diflerent test signal paths to mnject
a test signal 1nto the RF system. In normal operating mode,
these paths are disconnected from the RF system. In mea-
surement mode, measurements are done 1 two steps. In
cach step, only one impedance 1s measured by injecting a
test signal through only one path to the system—which
impedance 1s measured depends on where the test signal 1s
injected. Test signal injection results 1 power detector
readings that relate measured impedance to a small set of
system parameters. In other words, in each step impedance
1s mapped into a small set of parameters that does not change
between measurements, which facilitates comparing loads
and calculating any mismatch between two loads.

An exemplary embodiment provides a method for mea-
suring i1mpedance mismatch 1n a system. The method
includes injecting a first test signal into a forward path
through the system and measuring electrical parameters of
the system from the first test signal to produce a first set of
measurements. The method further includes injecting a
second test signal into a reverse path through the system and
measuring e¢lectrical parameters of the system from the
second test signal to produce a second set of measurements.
The method further includes calculating an impedance mis-
match of the system based on the first set of measurements
and the second set of measurements.

Another exemplary embodiment provides a mismatch
detector. The mismatch detector includes a first switching
clement coupled between a signal source and a forward
injection node; a second switching element coupled between
the signal source and a reverse injection node; a plurality of
power detectors coupled between the forward injection node
and the reverse injection node; and a processor coupled to
the plurality of power detectors. The processor 1s configured
to calculate an impedance mismatch between the forward
injection node and the reverse injection node based on
measurements of the plurality of power detectors.

Another exemplary embodiment provides a system. The
system 1ncludes a circuit; and a built-in seli-test (BIST)
structure coupled to the circuit. The BIST structure 1s
configured to inject a first test signal into a forward path
through the circuit; measure electrical parameters of the
system from the first test signal to produce a first set of
measurements; inject a second test signal 1nto a reverse path
through the circuit; measure electrical parameters of the
system from the second test signal to produce a second set
of measurements; and calculate an impedance mismatch of
the system based on the first set of measurements and the
second set ol measurements.

Those skilled 1n the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
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reading the following detailed description of the preferred
embodiments 1n association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated i and
forming a part of this specification 1llustrate several aspects
of the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1A 1s a block schematic diagram of a unit cell of a
periodic structure used for measuring impedance mismatch
in a radio frequency (RF) system according to embodiments
described herein.

FIG. 1B 1s an equivalent circuit diagram of the unit cell
of FIG. 1A.

FIG. 2A 1s a block schematic diagram of an RF system
incorporating a built-in self-test (BIST) structure for mea-
suring 1mpedance mismatch according to embodiments
described herein.

FIG. 2B 1illustrates a configuration of the RF system of
FIG. 2A for measuring right impedance 7.

FIG. 2C 1illustrates a configuration of the RF system of
FIG. 2A for measuring leit impedance Z,.

FIG. 3 1s a flow diagram 1llustrating a process for mea-
suring 1mpedance mismatch according to embodiments
described herein.

FIG. 4 1s a flow diagram illustrating a more detailed
example process for BIST operation.

FIG. 5 1s a schematic block diagram of an exemplary umit
cell design for the RF system implemented with a transmis-
sion line and power detector.

FIG. 6 1s a schematic block diagram of an exemplary
BIST structure design for the RF system implemented with
a transmission line and power detectors placed at intervals
along the transmission line.

FIG. 7A 15 a schematic block diagram of an exemplary RF
system 1mplementing impedance mismatch detection and
measurement according to embodiments described herein.

FIG. 7B 1s a schematic block diagram of another exem-
plary RF system implementing impedance mismatch detec-
tion and measurement.

FIG. 7C 1s a schematic block diagram of another exem-
plary RF system implementing impedance mismatch detec-
tion and measurement.

FIG. 8 1s a block diagram of a computer system suitable
for detecting and measuring impedance mismatch in a
system according to embodiments disclosed herein.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled 1n
the art will understand the concepts of the disclosure and
will recognize applications of these concepts not particularly
addressed herein. It should be understood that these con-
cepts and applications fall within the scope of the disclosure
and the accompanying claims.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
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4

and, similarly, a second element could be termed a first
clement, without departing from the scope of the present
disclosure. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that when an element such as a layer,
region, or substrate 1s referred to as being “on” or extending
“onto” another element, it can be directly on or extend
directly onto the other element or intervening elements may
also be present. In contrast, when an element is referred to
as being “directly on” or extending “directly onto” another
clement, there are no intervening elements present. Like-
wise, 1t will be understood that when an element such as a
layer, region, or substrate 1s referred to as being “over” or
extending “over” another element, 1t can be directly over or
extend directly over the other element or intervening ele-
ments may also be present. In contrast, when an element 1s
referred to as being “directly over” or extending “directly
over’ another e¢lement, there are no intervening elements
present. It will also be understood that when an element 1s
referred to as being “connected” or “coupled” to another
clement, 1t can be directly connected or coupled to the other
clement or intervening elements may be present. In contrast,
when an element 1s referred to as being “directly connected”
or “directly coupled” to another element, there are no
intervening elements present.

Relative terms such as “below” or “above’™ or “upper” or
“lower” or “horizontal” or “vertical” may be used herein to
describe a relationship of one element, layer, or region to
another element, layer, or region as illustrated 1n the Figures.
It will be understood that these terms and those discussed
above are intended to encompass different orientations of the
device 1 addition to the orientation depicted in the Figures.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the disclosure. As used herein, the singular forms
“a,” “an,” and “the” are intended to 1include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises,” “compris-
ing,” “includes,” and/or “including” when used herein
specily the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereol.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that 1s consistent with their meaning 1n the context
of this specification and the relevant art and will not be
interpreted 1 an idealized or overly formal sense unless
expressly so defined herein.

Mismatch detection using periodic structures 1s provided.
Embodiments described herein can measure and detect
mismatch between two loads 1n a radio frequency (RF)
system by referencing their measurements into a small set of
parameters that are intrinsic to the RF system design. This
approach can be used to compare impedances of two loads
and measure their impedances relative to each other without
requiring any external calibration (e.g., the approach does
not assume any prior known physical quantities 1 the
system, such as a reference impedance). This approach can
be used to compare the two loads to each other, as well as
to quantily the amount of mismatch between these loads by
calculating reflection coethicient between the loads. Loads
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can be passive devices, such as antennas, or they can be
active devices, such as amplifiers.

Embodiments use two different test signal paths to inject
a test signal into the RF system. In normal operating mode,
these paths are disconnected from the RF system. In mea-
surement mode, measurements are done 1 two steps. In
cach step, only one impedance 1s measured by injecting a
test signal through only one path to the system—which
impedance 1s measured depends on where the test signal 1s
injected. Test signal injection results 1 power detector
readings that relate measured impedance to a small set of
system parameters. In other words, in each step impedance
1s mapped 1nto a small set of parameters that does not change
between measurements, which facilitates comparing loads
and calculating any mismatch between two loads.

I. Introduction

The present disclosure proposes a technique to directly
measure the mismatch between a source and a load without
the need for external calibration 1n an RF system. Measure-
ments can then be used as an mput to a system that improves
performance under mismatch caused by PVT and environ-
mental factors, such as an adaptive/tunable matching net-
work structure or a self-healing method.

A wide range of mismatch detection methods and reflec-
tion coeflicient measurement designs are used 1n the current
literature both as an mput to adaptive structures and for
performance monitoring purposes. Because coherent mea-
surement between an incident test signal and a correspond-
ing reflected test signal 1s not generally possible 1n small
overhead applications, in current literature mismatch infor-
mation 1s extracted in two steps. In the first step, a passive
network 1s leveraged to generate more information on how
incident and retlected waves are related. This information 1s
then processed and measured using small overhead sensors,
such as power detectors. A passive network that generates
more information on how a circuit 1s loaded can consist of
directional couplers or a circulator, which enables the mea-
surement of the mcident and reflected voltages directly.

Another technique which 1s very common 1s insertion of
a series element (generally an inductor, but can also be a
transmission line), which enables signal measurement since
changes of voltage across the element are related to loading
of the circuit. More complicated passive network structures
that consist of a combination of phase shifters and various
couplers are also possible.

Most of the methods 1n current literature aim to directly
measure the impedance amount in known units, such as
Ohms, or equivalently may measure a retlection coetlicient
referenced to a characteristic impedance. This requires the
incorporation of a physical unit into the system. This can be
achieved by an external calibration with known loads.
Unfortunately, external calibration may not be possible on a
tabricated board or a chip due to physical constraints, such
as inserting various calibration loads on a desired measure-
ment plane. Another way to incorporate unit information
into the system 1s to rely on physical quantities 1n the RF
system, such as by including a known impedance value 1n
the system, which 1s subject to PV'T variations.

Fortunately, incorporation of a unit standard 1s not nec-
essary lor calculating mismatch. Instead, the mismatch
metric can be obtained in a manner that i1s unitless, meaning,
that by scaling source and load impedance by a common
factor the mismatch amount would be the same. Therefore,
if the source and load impedance can be measured in relation
to each other, the mismatch can be calculated. This 1s
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leveraged herein to achieve mismatch measurement without
requiring any calibration or known physical parameters in

the RF system.

To achieve relative measurement of the impedances 1n
relation to each other, embodiments use a two-step approach
to the measurement problem. In each step, only one 1imped-
ance of interest 1s measured. A test signal 1s injected which
would generate readings highly correlated to its value. Since
in each step only one of the impedances 1s measured, 1ts
value 1s mapped to a small set of parameters. In other words,
impedance values are mapped to a third set of parameters
and then using this small set of parameters, the relationship
between the two impedances 1s measured. This third set of
parameters arises from the physical structure of a built-in
seli-test (BIST) system. To keep the number of parameters
as small as possible, a repeating structure (e.g., periodic
structures such as used in filter and matching designs) can be
used such that each measurement provides information on
how the structure parameters are related to the impedances
ol interest.

The relation between structure parameters and imped-
ances ol interest can be derived by physical models of the
BIST system. Since mismatch measurement 1s a ratio metric,
embodiments can reduce the information requirements from
external calibration or known physical quantities to a physi-
cal model of the BIST structure and how 1t 1s related to the
impedances of interest.

A mismatch detector design 1s presented as an illustrative
embodiment of the disclosure. This design includes a num-
ber of power detectors (e.g., four) that are placed on a
transmission line in regular intervals and two test signal
paths. In the measurement mode, test signal paths are
connected to the transmission line and a test signal 1is
injected. The power detectors measure the strength of the
incident test signal to determine reflection coetlicient of the
loads referenced to the transmission line. This information 1s
used to calculate any mismatch amount of two loads. An
example of the design 1s implemented on a printed circuit
board (PCB) using a coplanar waveguide with ground as a
transmission line. Although the proposed technique applies
to a wide range ol frequencies, 1n this design example
reflection coellicient and mismatch 1s measured within a
band between 3.2 gigahertz (GHz) and 3.7 GHz. It can
detect and measure load mismatch down to -20 decibels
(dB).

Section II develops the general theoretical background for
the proposed BIST design and relates the power measure-
ments to impedance values 1n terms of network parameters.
Section III gives a design example and walks through how
a good design can be accomplished using the given theo-
retical background. This design 1s based on power detectors
placed on a transmission line with equal spacing, similar to
slotted line measurement. Section IV develops a solver for
solving for relative values of the impedances in terms of
power measurements. Section V describes a computer sys-
tem which may be used to implement embodiments
described herein.

II. Methodology

FIG. 1A 1s a block schematic diagram of a unit cell 10 of
a periodic structure used for measuring impedance mismatch
in an RF system according to embodiments described
herein. FIG. 1B 1s an equivalent circuit diagram of the unit
cell 10 of FIG. 1A. The unit cell 10 includes a linear
network, which can be characterized as having a series
resistance and a parallel impedance across the ports of the
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unit cell 10. Example linear networks for the unit cell 10
include, but are not limited to, a transmission line or portion
thereof, a waveguide or portion thereof, an inductor, and/or
a filter. Voltages and currents at the ports of the unit cell are
related by a transmission matrix. This relation can be
described as;:

Vn . A B Vrz—l—l EC[UHﬁDIll
In - ¢ D In—kl

T can be used as a shorthand for the transmission matrix of
the unit cell 10.

Equation 2
C D

) [A B

FIG. 2A 1s a block schematic diagram of an RF system 12
incorporating a BIST structure 14 for measuring impedance
mismatch according to embodiments described herein. The
BIST structure 14 includes a power detector P, . . ., P, at
two or more unit cells 10, which can represent a periodic
structure 1n the RF system 12 (such as a transmission line,
a waveguide, an array of inductors, an array of filters, etc.).
The RF system 12 further includes one or more test sources
16 which 1nject test signals into the left side and/or right side
of the RF system 12. The voltage and current of any port 1n
the periodic structures (e.g., unit cells 10) can be found by
using the cascading property of the transmission matrices.

FIG. 2B 1llustrates a configuration of the RF system 12 of
FIG. 2A for measuring right impedance Z,. For FIG. 2B,

where current flows from left to right, the relation of the
transmission matrices can be written as:

[ Vro ] _ T”[ VR ] Equation 3
Ino | | Irs

The relation between I, ; and V, , can be expressed 1n terms
of the quantity to be measured Y =7, ' as:

Ip6=Vro¥g Equation 4
Vz,and I, . can be expressed in terms of V., and Y, by
multiplying both sides of Equation 3 by T~ and 1/V 4 and
using Equation 4 as:

Ve [Vao | 1 Equation 5
c 3 — T—H
_fﬁjﬂ/Vng_ [YR]

Since quantities that are normalized by V, , will appear
many times in the analysis, VR:H 1s defined as V ,, normal-
ized by V , and similarly I, , represents I ,, normalized by
Vz o Using this new notation, Equation 5 can be written
more concisely as:

"t

72 Equation 6

(n

i IR,?‘I

Sty

This relation assumes current 1s flowing from left to right,

i.e., test signal is injected from the left to measure Y ,=7.."".
FIG. 2C 1llustrates a configuration of the RF system 12 of
FIG. 2A for measuring left impedance Z,. The relation for
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when a test signal 1s 1njected from the right can be found to
measure Y,=7,~". First, the transmission matrix for the unit
cell 10 when current 1s flowing from right to left 1s defined
as:

Equation 7

D B
n={¢ 4]

C 4

This expression 1s arrived at by assuming the unit cell 10
1s linear and reciprocal, therefore swapping A and D 1n
Equation 2 1s sufficient to find T,. This assumption does not
introduce any additional unknowns to the overall system of
equations. Using T, and the cascading property of the
transmission matrices, voltages and currents at any port of
FIG. 2C can be written as:

VL, 7

| ] Equation 8
L }‘[r'-'rI -

=TE[YL

where V, , and I, , are defined as V, , and I, , normalized
by V,, as before. For simplicity of the analysis, it 1s
assumed that the power detector does not load the ports as
loading effects of the power detector can be absorbed into
the transmission matrix and 1ts effects can be estimated after
the transmission matrix 1s calculated.

tV,0.Ve1s ... Vonyand Vi, Ve, ..., Vi 4 could
be measured coherently (i.e., with magnitude and phase
information), Equations 6 and 8 could be used directly to
find Y,=Z,”" and Y,=Z,"' respectively. The amount of
mismatch could then be calculated by using Equation 9:

AR A:
[=—-=

Equation 9

Unfortunately, such a measurement would introduce sig-
nificant hardware overhead for a BIST application. To
reduce overhead for the BIST, power detectors are used as
measurement devices, which can only measure the magni-
tude of the powers and voltages at the ports. Therefore, only
Vol IVl oo IV Mland IV oL, IVR 1L Lo, IV 4l can
be measured. Each voltage magnitude 1s measured by a
corresponding power detector (e.g., |V, .| and IV, | mea-
sured by P ). Because only the magnitudes of the voltages
are known, there 1s no analytical way to solve a set of
equations directly. Accordingly, embodiments use a non-
linear solver to solve for the parameters (described further 1n
the next section).

For the most general case, where there 1s no underlying
model for the unit cell 10, two equations are needed for each
of the six complex variables (A, B, C, D, Y., Y, ) since the
phase i1nformation 1s lost. Overall, at least 12 linearly
independent equations are needed to solve for the param-
eters. The number of required equations can be decreased
substantially by using an underlying model for the unit cell
10 by taking account of its structure. There 1s a limit to the
amount of information that can be extracted this way.

Since there 1s no calibration and current 1s not measured
directly, only the unitless variables can be found. In other
words, Y, and Y, cannot be directly calculated; instead,
KY , and KY, are calculated, where K 1s a complex constant
such that 1t would make overall expression unitless. The
actual mismatch can still be found by using this unitless




US 12,034,493 B2

9

variable by virtue of the mismatch equation 1itself being a
unitless equation. Thus, units of the impedances are not

important. If the mismatch equation (Equation 9) 1s
inspected, 1t 1s observed that 1f the impedances are scaled
with the same real constant, it will cancel out. To make
concepts discussed in this section clearer, an example unit
cell and the relation between coherent voltages, impedances,
and mismatch are discussed in the next section.

FIG. 3 1s a flow diagram 1illustrating a process for mea-
suring 1mpedance mismatch according to embodiments
described herein. The process begins at operation 300, with
ijecting a first test signal into a forward path through a
system. The process continues at operation 302, with mea-
suring electrical parameters of the system from the first test
signal to produce a first set of measurements. The process
continues at operation 304, with injecting a second test
signal into a reverse path through the system. The process
continues at operation 306, with measuring electrical param-
eters of the system from the second test signal to produce a
second set of measurements. The process continues at opera-
tion 308, with calculating an impedance mismatch of the
system based on the first set of measurements and the second
set of measurements.

FIG. 4 1s a flow diagram 1llustrating a more detailed
example process for the BIST operation described above.
The process begins at operation 400, with starting a test for
measuring mismatch 1n an RF system 12. In an exemplary
aspect, switches T1 and T2 are open, as i1llustrated in FIG.
2A. The process continues at operation 402, with giving a
test signal from a left side of the RF system 12. In an
exemplary aspect, switch T1 1s closed, as illustrated in FIG.
2B. The process continues at operation 404, with recording
voltage measurements V.., Vo, Vo,, V4. The process
continues at operation 406, with closing the signal from the
left side of the RF system 12. In an exemplary aspect, switch
T1 1s opened, as 1llustrated in FIG. 2C.

The process continues at operation 408, with giving a test
signal from a right side of the RF system 12. In an exemplary
aspect, switch T2 1s closed, as 1llustrated in FIG. 2C. The
process confinues at operation 410, with recording voltage
measurements V, o, V, ;, V,; ,, V, 5. The process continues
at operation 412, with closing the signal from the right side
of the RF system 12. In an exemplary aspect, switch T2 1s
opened, as illustrated 1n FIG. 2A.

The process continues at operation 414, with outputting
voltage measurements V,; o. V, 1, V5, Vi3, Veo Ve,
V5, Vz 5. The voltage measurements are output to a solver
at operation 416. The solver may be a non-linear solver
which solves for the parameters in the equations above, and
1s further described 1n the next section. The process con-
cludes at operation 418, with calculating return loss of the
RF system 12 and mismatch between the loads.

Although the operations of FIGS. 3 and 4 are illustrated
1n a series, this 1s for illustrative purposes and the operations
are not necessarily order dependent. Some operations may
be performed 1n a different order than that presented. Fur-
ther, processes within the scope of this disclosure may

include fewer or more steps than those 1llustrated 1n FIGS.
3 and 4.

III. Design Example

This section describes a detailed design example that uses
a transmission line and power detectors as the BIST struc-
ture 14 (e.g., where a unit cell 10 includes a section of the
transmission line and a power detector) and also takes
account of the power detector loading. Without any under-
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lying model, embodiments need to solve for 8 unknowns for
the ABCD matrix and 4 unknowns for the impedances. By
using an underlying model based on the physical structure of
the design, the number of unknowns 1s decreased.

FIG. 5 1s a schematic block diagram of an exemplary unit
cell 10 design for the RF system 12 implemented with a
transmission line 18 and power detector P_. This unit cell 10
1s modeled by using transmission parameters for shunt load
to model the power detector and lossy transmission line
parameters to model the transmission line. By multiplying
these models, the overall model of the cell T can be found.

Let v be the propagation constant, 1 be the length of the
transmission line, and Y ,, be the admittance of the detector.
Then the transmission matrix of the unit cell T can be written
as:

- cosh(y)

. [1 (}] Zo sinh(y/) |
L Yp 1]| sinh(y))/Z,

cosh(y!) |

Equation 10

FIG. 6 1s a schematic block diagram of an exemplary
BIST structure 14 design for the RF system 12 implemented
with a transmission line 18 and power detectors P, . . . , Py,
placed at intervals along the transmission line 18. In the
depicted example, power detectors measure voltages at A/8
intervals (e.g., within a 20% tolerance) of the transmission
line 18, though other designs may be implemented differ-
ently.

Using Equations 6 and 8, one can write the voltage ratios
at each measurement point and solve for Y,, Y,, and Y. To
determine some design goals and possible extensions to the
architecture, Y,, Y,, and Y, are written 1n terms of complex
voltages Vo ,=Vx /Vro Vao=Veo/Veo ViV V.o
This also leads to an approach for formulating a solver to
find return loss given voltage magnitude measurements.

i 7 2+ 1 Equation 11
YrZosinh(yl/) = —Vpgy + — + —— —cosh(y))
Vel VR
X 7 1 Equation 12
Y Zosinh(yl) = Vi) — —— — —— + cosh(y])
VrR1 VR
72 1 Equation 13
YpZosinh(yl) = —— + —— — 2 cosh(y/)
Vel Ve

As can be seen 1n Equations 11, 12, and 13, embodiments
need to solve for cos h(yl) tofind Y 7, and Y ; Z. After Y 57,
and Y,Z, are found, the impedance mismatch can be cal-
culated using Equation 9. Since Z, terms will cancel each
other in the mismatch formula, calculating Z, 1s unneces-
sary. There are two strategies that can be employed for
solving for cos h(yl). First, embodiments can add a section
to the BIST structure 14 that has a different transmaission line
length (such as a 21 transmission line with power detector),
which would yield enough knowns to solve for cos h(yl).
Alternatively, embodiments can use high impedance power
detectors so that Y ,=0 and Equation 13 can be used to solve
for cos h(yl). The example implementation uses the latter
approach to decrease the number of power detectors, but one
can employ the former to increase the accuracy of the
system.

IV. Solver

In previous work, authors generally used non-linear solv-
ers to directly solve for parameters of interest, such as F for
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six-port network analyzers. Embodiments described herein
use a non-linear solver algorithm to solve for phases of
complex voltage ratios Vg ,=V¢,/Vro Vr2=Vrs/Vgo
VL?[}:VU/VL?D. Then Equations 11, 12, and 13 are used to
solve for parameters of interest Y,, Y, and cos h(yl). This
technique has the advantage of utilizing known magnitudes
of the voltages to converge a solution faster than prior
approaches. In contrast to solvers in previous works, the
solver used 1n embodiments of the present disclosure does
not rely on the gradient of the error surface. It 1s found herein
that, for this structure, a solver that searches a solution space
with the theoretical background described above converges
on an answer more reliably and in fewer 1iterations.

An exemplary embodiment produces six measurements 1n
total: three measurements are produced when measuring for
Y,, and three measurements are produced when measuring
for Y . Three of these equations are used for parameterizing
Y,, Y, and Y. Another three equations are used to solve
for phases of the complex voltage ratios VRJ:VR?]/VR?O,
Ves=Veof Vo V. o=V 1/V, o Writing these equations in
terms of the voltage ratios yields:

p‘ri L+ s Equation 14
Vez ==Vp1 + ——
Va1
X 7V py+ V7 Equation 15
VL,Z = - : — -1
VRl
- . - . r ~ 1
N N ViaVe, +2ViaVe2+ Vi1 Vea+1 Equation 16
Vg =—Ver1+ — i
Ve1 VR

An error function can be constructed using Equations 14,
15, and 16 to calculate phases of the voltage ratios. A
non-linear solver 1s used for minimizing this error for
different phase values. This approach has several limitations:
first, the error surface defined by Equations 14, 15, and 16
has several local minimums; and second, there are regions in
the error surface where a solution 1s not feasible due to
triangle inequality. To solve these problems, Equations 14
and 15 are reformulated such that embodiments would only
need to sweep an angle of one of the variables.

i 1 Equation 17
W—M =1 - — (Vi-jz—l-Vp;g)
VR Va2

§ . PRyt Equation 18

722 =11 =71, >

R,1
o K= (1 A Fquation 19
=|1-z =
Im(z) = £ '\/|z|2 — Re(z)?

Equations 14 and 15 are reformulated as Equations 17 and
18, respectively, to make everything a function of AT
Given magnitude and phase of Ve 25 the four possible
solutions for VR ; can be found by using Equations 17 and
19. Similarly given V R.1: V, », the two possible solutions for
V, , can be found. Then these possible solutions are elimi-
nated by substituting them in Equation 16 to see whether a
possible solution 1s close to the actual measurements. These
solutions are further filtered by placing constraints on the
possible solutions (e.g., 1f a particular solution yields an
impedance that has a negative real part that solution 1is
eliminated).
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Algorithm 1: Simplified Solver Algorithm

Input : Measurement list [Vg I, IV, lfori=1,2,3
Output: Mismatch.

] min__ diff < oo
2 for a < 0 to 2& do
3 VR 5 — IV EIe"11
4 VR 12, VR *2 ¢ solve for VR 2 VR *2 using (17), (19)
5 fﬂrvﬁle[vﬁla VRhVRl&_VRI]dG
6 V., V. * < solve for V, ,, V, /* by (18), (19)
for {/'le «— [{/'le, {/'le*] do
7 X <« substitute values 1n (16)
8 diff « IIVL 51— Ixll
9 valid_ solution « check _solution(V,, V,, V,"
10 if dift < min_ diff and valid_ solution then
11 | min__ dift « diff
12 1 1 e s rreto,
IIE; 1, 13?’ 2 Vi e Vet Vea Vi
13 I | end if
14 I end for
15 end for
16 end for
17 pe T e
Lp, £, gwen‘t £.1 i 7.2 1 L1 ﬁnd values from (11)
— (13) by setting YD = U
18 Mismatch = (Zp — Z, ") (ZLp + 2., %)
19 return Mismatch

FIG. 7A 1s a schematic block diagram of an exemplary RF
system 12 implementing impedance mismatch detection and
measurement according to embodiments described herein.
In this regard, the RF system 12 includes a transmission
line-based BIST structure 14 with power detectors P, . . .,
P placed at intervals along the transmission line 18 similar
to FIG. 6.

In the 1llustrated embodiment, the transmission line 18 1s
coupled between an antenna port ANT and areceive port RX
(which may couple to a low noise amplifier (LNA) 20 and
additional signal conditioning circuitry) of an RF front end.
In other embodiments, the BIST structure 14 may be part of
another component of the RF system 12, such as within
amplifier or control circuitry.

The RF system 12 further includes one or more test
sources 16. For example, the test source 16 may be a single
signal generator switchably connected to each end of the
transmission line 18. For example, the test signal may be
generated by transmit circuitry at a transmit port TX, such
that the test source 16 may represent a power amplifier (PA).
To measure the impedance mismatch, the switches T1 and
T2 are alternatively closed, and measurements are taken at
the power detectors. A processor (e.g., a digital signal
processor (DSP) or hardware accelerator, such as a field-
programmable gate array (FP(GA)) or other logical circuitry
(not shown) then uses these measurements to solve for the
impedance mismatch as described above.

FIG. 7B 1s a schematic block diagram of another exem-
plary RF system implementing impedance mismatch detec-
tion and measurement. In this embodiment, the BIST struc-
ture 14 1s coupled between a transmit port TX (which may
couple to a power amplifier (PA) 22 and additional signal
conditioning circuitry) of an RF front end.

FIG. 7C 1s a schematic block diagram of another exem-
plary RF system implementing impedance mismatch detec-
tion and measurement. In this embodiment, the BIST struc-
ture 14 1s between N nodes of local oscillator 24 signals that
are distributed throughout the device for a multi-antenna
system. The N nodes need to be matched, so the BIST
structure 14 1s deployed at each of these nodes.

Embodiments described herein provide a mismatch detec-
tor for the RF system 12 which does not require a circulator
or directional coupler. The mismatch detector can be
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coupled to any circuit 1n the RF system 12. Applications
include, but are not limited to, a millimeter wave (mm Wave)
or higher frequency RF circuit. Mismatch detectors accord-
ing to this disclosure may be implemented as a system on
chip (SoC), 1n software, or with general purpose or special-
1zed components.

V. Computer System

FIG. 8 1s a block diagram of a computer system 800
suitable for detecting and measuring impedance mismatch in
a system according to embodiments disclosed herein. The
computer system 800 comprises any computing or electronic
device capable of including firmware, hardware, and/or
executing soitware instructions that could be used to per-
form any of the methods or functions described above. In
this regard, the computer system 800 may be a circuit or
circuits i1ncluded 1n an electronic board card, such as a
printed circuit board (PCB), a server, a personal computer,
a desktop computer, a laptop computer, an array of comput-
ers, a personal digital assistant (PDA), a computing pad, a
mobile device, or any other device, and may represent, for
example, a server or a user’s computer.

The exemplary computer system 800 1n this embodiment
includes a processing device 802 or processor, a system
memory 804, and a system bus 806. The processing device
802 represents one or more commercially available or
proprietary general-purpose processing devices, such as a
microprocessor, central processing unit (CPU), or the like.
More particularly, the processing device 802 may be a
complex instruction set computing (CISC) microprocessor,
a reduced instruction set computing (RISC) microprocessor,
a very long instruction word (VLIW) microprocessor, a
processor implementing other instruction sets, or other pro-
cessors implementing a combination of instruction sets. The
processing device 802 1s configured to execute processing,
logic instructions for performing the operations and steps
discussed herein.

In this regard, the various illustrative logical blocks,
modules, and circuits described in connection with the
embodiments disclosed herein may be implemented or per-
formed with the processing device 802, which may be a
microprocessor, FPGA, a DSP, an application-specific inte-
grated circuit (ASIC), or other programmable logic device,
a discrete gate or transistor logic, discrete hardware com-
ponents, or any combination thereof designed to perform the
functions described herein. Furthermore, the processing
device 802 may be a microprocessor, or may be any con-
ventional processor, controller, microcontroller, or state
machine. The processing device 802 may also be mmple-
mented as a combination of computing devices (e.g., a
combination of a DSP and a microprocessor, a plurality of
MICroprocessors, Oone Or more miCroprocessors 1 conjunc-
tion with a DSP core, or any other such configuration).

The system memory 804 may include non-volatile
memory 808 and volatile memory 810. The non-volatile
memory 808 may include read-only memory (ROM), eras-
able programmable read-only memory (EPROM), electri-
cally erasable programmable read-only memory (EE-
PROM), and the like. The volatile memory 810 generally
includes random-access memory (RAM) (e.g., dynamic
random access memory (DRAM), such as synchronous
DRAM (SDRAM)). A basic input/output system (BIOS) 812
may be stored in the non-volatile memory 808 and can
include the basic routines that help to transfer information
between elements within the computer system 800.
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The system bus 806 provides an interface for system
components 1including, but not limited to, the system
memory 804 and the processing device 802. The system bus
806 may be any of several types of bus structures that may
further interconnect to a memory bus (with or without a
memory controller), a peripheral bus, and/or a local bus

using any of a variety ol commercially available bus archi-
tectures.

The computer system 800 may further include or be
coupled to a non-transitory computer-readable storage
medium, such as a storage device 814, which may represent
an internal or external hard disk drive (HDD), flash memory,
or the like. The storage device 814 and other drives asso-
ciated with computer-readable media and computer-usable
media may provide non-volatile storage of data, data struc-
tures, computer-executable instructions, and the like.
Although the description of computer-readable media above
refers to an HDD, it should be appreciated that other types
of media that are readable by a computer, such as optical
disks, magnetic cassettes, flash memory cards, cartridges,
and the like, may also be used 1n the operating environment,
and, further, that any such media may contain computer-
executable instructions for performing novel methods of the
disclosed embodiments.

An operating system 816 and any number of program
modules 818 or other applications can be stored in the
volatile memory 810, wherein the program modules 818
represent a wide array of computer-executable instructions
corresponding to programs, applications, functions, and the
like that may implement the functionality described herein
in whole or 1n part, such as through instructions 820 on the
processing device 802. The program modules 818 may also
reside on the storage mechanism provided by the storage
device 814. As such, all or a portion of the functionality
described herein may be implemented as a computer pro-
gram product stored on a transitory or non-transitory coms-
puter-usable or computer-readable storage medium, such as
the storage device 814, volatile memory 810, non-volatile
memory 808, instructions 820, and the like. The computer
program product icludes complex programming instruc-
tions, such as complex computer-readable program code, to
cause the processing device 802 to carry out the steps
necessary to implement the functions described herein.

An operator, such as the user, may also be able to enter
one or more configuration commands to the computer sys-
tem 800 through a keyboard, a pointing device such as a
mouse, or a touch-sensitive surface, such as the display
device, via an mput device interface 822 or remotely through
a web imterface, terminal program, or the like via a com-
munication interface 824. The communication interface 824
may be wired or wireless and facilitate communications with
any number of devices via a communications network in a
direct or indirect fashion. An output device, such as a display
device, can be coupled to the system bus 806 and driven by
a video port 826. Additional mputs and outputs to the
computer system 800 may be provided through the system
bus 806 as appropriate to implement embodiments described
herein.

The operational steps described 1n any of the exemplary
embodiments herein are described to provide examples and
discussion. The operations described may be performed 1n
numerous different sequences other than the illustrated
sequences. Furthermore, operations described 1n a single
operational step may actually be performed in a number of
different steps. Additionally, one or more operational steps
discussed 1n the exemplary embodiments may be combined.
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Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.

What 1s claimed 1s:

1. A method for measuring impedance mismatch in a
system, the method comprising:

injecting a first test signal from a first test source circuit
into a forward path through the system;

measuring e¢lectrical parameters of the system from the
first test signal to produce a first set ol measurements;

injecting a second test signal from a second test source
circuit, different than the first test circuit, into a reverse
path through the system;

measuring electrical parameters of the system from the
second test signal to produce a second set of measure-
ments; and

calculating, by a mismatch detector, an impedance mis-
match of the system based on the first set of measure-
ments and the second set of measurements,

wherein the mismatch detector 1s coupled to a radio
frequency (RF) transmission line and wherein the plu-
rality of power detectors are spaced apart at segmented
portions of A along the RF transmission line, where A
1s a wavelength of an operating frequency of the RF
transmission line.

2. The method of claim 1, wherein the system comprises

a radio frequency (RF) circuit.

3. The method of claim 2, wherein:

injecting the first test signal into the forward path through
the system comprises 1njecting the first test signal nto
a first port of the RF circuit; and

injecting the second test signal into the reverse path
through the system comprises injecting the second test
signal into a second port of the RF circuit.

4. The method of claim 1, wherein the forward path
comprises a built-in seli-test (BIST) structure having repeat-
ing unit cells.

5. The method of claim 4, wherein measuring the elec-
trical parameters of the system comprises measuring one or
more of the electrical parameters at each of the repeating
unit cells.

6. The method of claim 5, wherein measuring the elec-
trical parameters of the system further comprises measuring,
voltage at each of the repeating unit cells using a corre-
sponding power detector.

7. The method of claim 1, wherein calculating the imped-
ance mismatch of the system comprises using a non-linear
solver to calculate phases of the first set of measurements
and the second set of measurements.

8. A mismatch detector, comprising:

a first switching element coupled between a signal source

and a forward 1njection node that 1s configured to 1nject
a first test signal from a first test source circuit;

a second switching element coupled between the signal
source and a reverse injection node that 1s configured to
inject a second test signal from a second test source
circuit;
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a plurality of power detectors coupled between the for-

ward 1njection node and the reverse injection node; and

a processor coupled to the plurality of power detectors

and configured to calculate an 1impedance mismatch
between the forward imjection node and the reverse
injection node based on measurements of the plurality
of power detectors,

wherein the mismatch detector 1s coupled to a radio

frequency (RF) transmission line and wherein the plu-
rality of power detectors are spaced apart at segmented
portions of A along the RF transmission line, where A
1s a wavelength of an operating frequency of the RF
transmission line.

9. The mismatch detector of claim 8, wherein the plurality
of power detectors are positioned along the RF transmission
line at A/8 distances within a 20% tolerance.

10. The mismatch detector of claim 8, wherein the pro-
cessor 1s configured to implement a non-linear solver.

11. The mismatch detector of claim 8, wherein the mis-
match detector 1s configured to couple to a millimeter wave
(mmWave) or higher frequency circuit and the mismatch
detector 1s implemented as a system on chip (SoC).

12. A system, comprising;:

a circuit; and

a built-in self-test (BIST) structure coupled to the circuit

and configured to:

inject a first test signal from a first test source circuit nto

a forward path through the circuit;
measure electrical parameters of the system from the first
test signal to produce a first set of measurements;
inject a second test signal from a second test source circuit
into a reverse path through the circuait;
measure electrical parameters of the system from the
second test signal to produce a second set of measure-
ments; and

calculate an impedance mismatch of the system based on

the first set of measurements and the second set of
measurements,

wherein the BIST structure 1s coupled to a radio frequency

(RF) transmission line and wherein the plurality of
power detectors are spaced apart at segmented portions
of A along the RF transmission line, where A 1s a
wavelength of an operating frequency of the RF trans-
mission line.

13. The system of claim 12, wherein the circuit 1s a
linearized circuit comprising non-linear components.

14. The system of claim 12, wherein the circuit 1s a linear
circuit.

15. The method of claim 12, wherein the BIST comprises
a transmission line connected between an amplifier and an
antenna.

16. The method of claim 15, wherein the transmission line
1s connected between a power amplifier and the antenna.

17. The method of claim 15, wherein the transmission line
1s connected between a low noise amplifier and the antenna.

18. The method of claim 15, wherein the transmission line
1s connected between a power amplifier and the antenna and
between a low noise amplifier and the antenna.
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